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ABSTRACT 
Objective. This study evaluated two embrasure designs by measuring their differential 
effect on load at failure of provisional fixed partial dentures (FPDs) fabricated of five 
commercially available polymer-based restorative materials.  
Methods. Five provisional C&B materials were selected to fabricate FPDs with two 
different embrasure designs: sharp vs. rounded embrasures (n=12 for each material). The 
test materials included: Telio CAD (Ivoclar-Vivadent), Coldpac (Motloid), Protemp Plus 
(3M), VersaTemp (Sultan), and Turbo Temp (Danville). The embrasures were formed 
using prefabricated cutters with measured Radii (0.002r and 0.03r) and a fixture to hold 
each provisional FPD in place for the uniform standardized cuts. Molds for the 
CAD/CAM provisional FPDs were used to fabricate the syringeable temporary materials 
and form bridges with the same geometric design. All provisional bridges were cemented 
using Temp-Bond (Kerr) to the corresponding standardized abutments and tested to 
failure in a universal Instron testing machine by loading each specimen compressively in 
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the mid pontic region. The load at break was recorded in Newton. A one-way analysis of 
variance (ANOVA) was used to compare the difference in each group’s mean. 
Results. A significant difference in fracture load was found between the two groups of 
designs, in which the round embrasure was significantly stronger than was the sharp. A 
significant difference also was found between the type of temporary material used to 
fabricate the bridge in the two groups, and except for Coldpac, no significant difference 
between the embrasure anatomies was found. Fatigue loading did not appear to influence 
the two bridges’ fracture load, but it did show a significant difference with respect to the 
modulus of elasticity, in that the bridges that underwent fatigue loading showed a higher 
elastic modulus by comparison to the control group. Another variable that influenced the 
modulus of elasticity was the type of temporary material used to fabricate the bridge, in 
which TelioCAD was found to be the stiffest. However, the embrasure design did not 
seem to affect the bridges’ rigidity. 
Conclusion. A significant difference was found in fracture strength between the rounded 
and sharp embrasure design.  Except for Coldpac, the rounded embrasure showed higher 
fracture toughness than did the sharp. No significant correlation was found between the 
two embrasure designs and the modulus of elasticity. Interestingly, the fatigued bridges 
that underwent cyclic loading showed a higher modulus of elasticity. The sharp 
embrasure design showed no fracture in the pontic region, while the rounded design did 
in 5.47% of the sample. This may be explained by the photoelastic bridges, in which the 
stress diffuses in the rounded design to include the pontic region, while in the sharp 
design, the stress is concentrated on the connector area. Stress analysis, both by means of 
photoelastic and finite element analysis, demonstrated that the bridge with the sharp 
vii 
embrasure design’s stress was high in the connector area compared to the round 
embrasure design. 
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CHAPTER 1: INTRODUCTION 
 
When restorations replace several teeth in a long span, the prostheses’ strength 
and stability are critical, and fractures may occur [1]. A temporary restoration is an 
important stage in the prosthetic treatment with fixed partial dentures (FPD) [1]. Referred 
to as a provisional restoration, this is a temporary prosthesis placed between the time of 
tooth preparation and the delivery of the final prosthesis [2]. A complication is defined as 
a “…secondary disease or condition developing in the course of a primary disease or 
condition” [3]. Most often, complications are conditions that occur during or after fixed 
prosthodontic treatment procedures performed appropriately [4]. Occasionally, the 
“temporary” view overlooks this step’s importance and causes less than ideal temporary 
restorations to be fabricated and cemented [5]. Because they serve many important 
purposes that lead to the permanent restorations’ excellent long-term prognosis [6], they 
must satisfy biologic and esthetic needs as well as mechanical requirements, such as 
resistance to functional loads and removal forces, and stabilize the position of abutment 
teeth [7]. They also provide necessary protection of healthy teeth, restore masticatory and 
occlusal functions, maintain periodontal health and esthetics, and finally, preserve the 
marginal integrity [1]. To summarize, adequate marginal adaptation, esthetics, rigidity, 
and resistance are important qualities an acceptable temporary restoration must have [8]. 
In ideal situations, the only difference between the provisional and definitive restorative 
components is the material used [6]. 
 
 
2 
1.1 Temporary Materials in Dentistry 
The basic chemistry of polymers used to fabricate provisional fixed dental 
restorations includes acrylics, composites, and polycarbonates. Acrylics include 
Methacrylate resin (methyl methacrylate, ethyl methacrylate, vinyl methacrylate, butyl 
methacrylate).  Polymethylmethacrylates are supplied in powder and liquid components, 
in which the powder (polymer) is Polymethylmethacrylate plus benzoyl peroxide 
(initiator). The liquid (monomer) is methyl methacrylate plus hydroquinone (inhibitor). 
Composite resins (bis-GMA, bis-acryl, urethane dimethacrylate) are supplied in a 
paste/paste form.   
Polymers are categorized further according to their method of cure: chemical-, 
heat-, light-, or dual-cure activated [9].  PMMAs come in a liquid/powder system that is 
hand mixed and self-cured, in that the polymerization reaction initiates chemically. The 
composite-based resins use an auto mixed paste/paste system that is available in self- or 
dual-curing systems [10]. 
Acrylic polymers were introduced to dentistry in 1931, and were difficult to use 
because of the polymerization shrinkage that accompanied the acrylic monomer’s 
conversion to a polymer. Decades later, larger molecular monomers and prepolymerized 
particles were used as fillers to reduce the polymerization shrinkage and enhance ease of 
use. Currently, they are packaged with a liquid (Methyl methacrylate) that is mixed with 
a powder (Polymethylmethacrylate) composed of prepolymerized particles.  Auto-cured 
resins have two setting stages, a doughy or putty stage, and a rubbery stage. During the 
putty stage, the mixture of acrylic resin can be manipulated by hand, sticks to non-
lubricated fingers, and has lost all surface gloss. In the rubbery stage, the resin is 60 to 
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70% set and can be removed from the mouth to trim excess materials and repositioned 
immediately over the abutments for the polymerization to complete [9]. 
Unlimited working time and favorable manipulative properties make light-cured 
composite resins a favorable alternative to conventional auto-cured acrylic restorations.  
Brown combined acrylic resins with epoxy and glass beads to produce esthetic 
composite resins with favorable physical properties. Bis-GMA-based resin, a compound 
of bisphenol A glycidyl methacrylate (Bis-GMA), is diluted with glycol methylacrylate 
and contains glass beads to reduce shrinkage. However, the resulting composite resin is 
hydrolytically unstable. Instead, combinations of resins and fillers, including cross-linked 
polymer chains, such as triethylene glycol dimethacrylate and ethylene glycol 
dimethacrylate, produced successful composite resin.  
The new generation of composite provisional materials are Bisacryls that come in 
several versions, either dual-, light- or chemically-activated. They are packaged in a 
paste/paste formulation mixed in a double barrel gun with a mixing tip.  
The polymerization reaction consists of three stages. The first is a free-flowing 
paste that becomes elastic within 60 to 75 seconds. The second is a cross-linking 
polymerization reaction that allows the polymer to achieve high compressive strength. 
The final stage of polymerization allows the resin to reach its final hardness within 5 
minutes after initial mixing so the restoration can be finished and polished before 
cementation.  
Bisacryls have favorable physical characteristics because of their glass fillers. 
They are easy to work with, strong, odorless, dimensionally stable with minimal 
shrinkage and heat generation, esthetically pleasing, and can be fiber-reinforced [9]. 
4 
Heat-processed resin provisional restorations are fabricated in the dental 
laboratory. A wax-up of the teeth is invested into a mold, and the wax is melted and 
replaced with the resin, after which it is heated, typically by boiling overnight. The resin 
is divested, trimmed, shaped, and polished to be relined later by the dentist in the clinic 
[9]. 
Polycarbonate crowns are Bisphenol A prefabricated crowns that are very strong, 
highly esthetic, and ideal for anterior use. Polycarbonate anterior and premolar crowns of 
various sizes are relined after adding or reducing according to the clinical situation [9] 
(Table 1). 
A combination of these materials can be used to improve appearance, cover 
margins, alter tooth dimensions, create proper occlusion, or reline provisionals for fit 
clinically [9]. 
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Table 1: Provisional crown and bridge materials [9]. 
Type Brand Manufacturer 
Methyl methacrylate Duralay Reliance Dental Mfg. Co. 
 Jet Lang Dental Mfg, Co., Inc. 
 Tab Kerr Corp. 
 Alike (radiopaque) GC America 
 
Coldpac 
Trim Plus 
Temp Art 
Unifast, Unifast LC 
 
Yates-Motloid 
Bosworth Co. 
Sultan Healthcare 
GC America 
Ethyl methacrylate Provisional Bridge Resin Denstply Caulk 
 Splinting Lang Lang Dental Mfg. Co. 
Vinyl ethyl methacrylate Snap Parkell Inc. 
 Trim, Trim II Bosworth Co. 
 Dura-Seal Reliance Dental Mfg. Co. 
Bis-GMA (auto-cured) Pro-Temp Premier Dental Products 
 Temphase Kerr Corp. 
 Luxatemp DMG America 
 Super- T 
American Consolidated 
Mfg. 
*continued on next page 
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Table 1 (continued): Provisional crown and bridge materials [9]. 
Type Brand Manufacturer 
Bis-GMA (light 
polymerized) 
Triad (light polymerized) Dentsply Trubyte 
 Isotemp (DC) 3M ESPE 
 
Astron LC (dual 
polymerized) 
Astron Dental Corp. 
Iso-butyl Bisacryl 
Temp Plus 
Protemp 
Luxatemp 
Integrity 
Access Crown 
Protemp 3 Garant 
Ultra Trim 
Perfectemp 
Cool Temp Natural 
Fill-In, Temphase 
SmarTemp 
TempSpan 
Structure 
Systemp. C&B 
 
Ellman International Inc. 
3M ESPE 
DMG America 
Densply Caulk 
Centrix, Inc. 
3M ESPE 
Bosworth Co. 
Discus Dental 
Colten/ Whaledent 
Kerr Corp. 
Parkell Inc. 
Pentron Clinical 
Voco GmbH 
Ivoclar Vivadent 
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Temporary restorations of different materials can be fabricated with CAD-CAM 
or laboratory methods.  
Investigating different materials’, such as, steel, concrete, polymers, and other 
advanced materials, fracture mechanics is a popular topic among researchers interested in 
the phenomenon [11]. Fracture is a very complex process that involves micro and macro 
voids or cracks’ nucleation and growth [12]. Flexural strength, also known as transverse 
strength, is a measurement of a bar’s strength (supported at each end) under a static load 
[7]. The flexural strength test is a combination of tensile and compressive tests and 
includes elements of proportional limit and elastic modulus measurements. A provisional 
material must exhibit sufficient flexural strength, particularly if it is planned as an interim 
prosthesis or one for patients with parafunctional habits, or when a long span prosthesis is 
planned [7]. A material’s strength determines how well those requirements are met [7], 
and strengthening or toughening mechanisms are designed to resist micro cracks’ 
initiation and propagation. Metallic substructures and crystalline dispersions are two of 
the most popular methods to achieve this property [13].  Another method used to 
strengthen the material is by altering the framework’s design. Several factors affect the 
final mechanical properties that provide FPDs’ clinical fracture resistance, among which 
the size, shape, and position of the connectors, and the span of the Pontic are key factors. 
Pontic designs were described well for situations that require pontics in FPDs’ 
fabrication. These designs include: saddle (ridge lap), modified ridge lap, hygienic 
(sanitary), conical, and ovate (Figure 1). 
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Figure 1: Pontic design. (A) Total ridge lap. (B) Modified ridge lap. (C) Ovate. 
 
 
Bridges’ pontics must fulfill esthetic, mechanical, functional, and hygienic 
requirements in prosthetic dentistry, and proper design is more important for good tissue 
health and their ability to be cleaned than is the choice of materials [14]. FPD fractures 
tend to occur in the connector area where stress is concentrated [15]. To overcome this 
limitation, another important factor to consider is that the connector region’s shape and 
the curvature at the gingival embrasure’s radius play significant roles in load-bearing 
capacity [16].  Stress distributions in a prosthesis can be quite complex [14], and although 
the methods used to solve the problems of fracture mechanics for bodies with cracks are 
developed well, much less attention has been given to the fracture of bodies with sharp 
V-notches, which also are responsible for the appearance of singular stresses in linearly 
elastic bodies [17]. If the embrasure design is altered, the characteristic stress pattern can 
be optimized to improve the FPDs’ survival time and provide a safe and effective 
restoration that avoids catastrophic failures and increased patient-care costs. 
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1.2 Fracture Mechanics 
When micro-cracks and voids grow and localize in damaged material, the average 
procedure no longer can be applied and discontinuities must be considered [18]. Global 
failure results from a rapidly growing macroscopic crack. Although great effort was made 
to predict fracture by analyzing atomic bonds’ behavior, in 1921, Griffith demonstrated 
that an existing crack’s behavior should be considered as well [24]. 
Griffith (1921) was the first to introduce a quantitative relation for cracked solids’ 
fracture. He proposed that the equilibrium condition at which the crack growth released 
energy is equal to the energy required to create the new surface. Thus, a crack will grow 
when the energy release rate equals the crack resistance force [18] (Figure 2). 
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Figure 2: Griffith proposed that the equilibrium condition at which the crack growth 
releases energy is equal to the energy required to create the new surface. 
 
 
However, his finding was based on brittle cracking and did not consider the 
plastic deformation associated with crack growth. Accordingly, Irwin (1947) modified 
Griffith’s theory to include plasticity at the crack tip [11]. 
Polymers and composites have non-linear elastic material behavior, and 
consequently, the stress intensity factor no longer applies to formulate the crack growth 
criteria in Elastic-Plastic Fracture Mechanics (EPFM) or Non-Linear Fracture Mechanics 
(NLFM); instead, the criteria are derived based on the Crack Tip Opening Displacement. 
Materials experience some plastic deformation during fracture, and the crack’s extension 
involves more than simply an increase in surface energy; it is possible to calculate the 
plastic deformation energy associated with a crack’s extension using Irwin’s models [18] 
[12]. 
Ductile materials are tougher than are brittle materials because they can absorb 
energy in the plastic zone—“plastic strain energy”—which is no longer among the 
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surface criteria [19]. 
“Professor Irwin,” the “father” of fracture mechanics, proposed the fundamental 
theory of the stress intensity factor and his work continues to influence current research 
strongly [17]. The energy release rate is the amount of energy, per unit length, along the 
crack edge that the body and the loading system’s elastic energy supply in creating the 
new fracture surface area [12]. Plane stress and strain are the stress intensity factor’s two 
models [12]. 
Irwin introduced three fracture behavior modes: I: Tensile loads symmetric about 
the bisector plane; II: shear loads antisymmetric about the bisector plane and 
perpendicular, and III: shear loads antisymmetric about the bisector plane and parallel to 
the notch’s edge [18] [20]. The forces acting in the plane perpendicular to the edge of the 
notch cause the first two, and these types of deformation are investigated within the 
framework of the plane problem of the theory of elasticity. The forces parallel to the edge 
of the notch cause the third type of deformation, which is referred to as longitudinal shear 
or antiplane deformation [20] (Figure 3). 
Irwin’s models were the foundation of linear elastic fracture mechanics (LEFM). 
This fracture mechanics discipline characterizes the state of material loading over a 
volume of sufficient size, and many engineering materials’ fracture strength can be 
expressed with respect to the critical (maximum) stress intensity factor [12]. 
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Figure 3: The three modes of fracture behaviors Irwin described. 
 
 
Most restorative materials in dentistry follow Irwin’s Tensile Mode I 
classification. Others, such as Freudenthal (1950), Kachannov (1958), Rice and Tracey 
(1969), Sih (1973), Gillemot (1976), and Gurson (1977), proposed different fracture 
criteria and constitutive models to study fracture problems [11]. 
 
1.2.1 Fracture toughness testing methods  
In dentistry, fracture toughness is employed in in vitro studies to evaluate 
biomaterials’ characteristics. Fracture toughness reflects the fracture resistance of a 
material containing a crack [18]. 
As mentioned previously, the connectors’ size, shape, and position, and the 
pontic’s span correspond to FPDs’ in vitro and clinical fracture resistance. Clinical 
fracture resistance is considered the primary outcome and reflects tangible patient 
benefits when FPDs’ safety and efficacy are assessed. The law of beams is the basis for 
connectors and the pontic’s proper design: A beam’s deflection increases as the cube of 
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its length, and is inversely proportional to its width and the cube of its height. A 3-point 
flexural test is used to determine a rectangular beam’s modulus of rupture [21] (Figure 4). 
 
1.2.2 Fatigue testing 
The geometry and boundary conditions define the problem in a structural analysis. 
On the other hand, constitutive models represent the material’s behavior. These are the 
two components used in computational solutions for the stress, strain and energy density 
fields [11] . 
Strength, the resistance against irreversible deformation, always must be high, 
because this deformation may lead to loss of functionality and even global failure [18]. 
Fatigue Crack Propagation is a phenomenon that occurs when a crack is subjected to a 
harmonic or random time-dependent load that leads to the crack’s gradual growth until 
the bridge ultimately exhibits fatigue failure [22]. 
Clinically, bridges are susceptible to cyclic mechanical fatigue during 
mastication. Microstructural damage induces catastrophic failure when stresses 
accumulate, and hence, it is necessary to consider these forces during in vitro testing to 
understand the  material at hand’s clinical performance [22]  [23]. The majority of 
crowns studied with quantitative fractography that failed clinically has shown initial 
cracks at the internal surface of the occlusal region where the greatest tensile stress 
concentrates and/or damage accumulates during clinical loading [23]. 
Ductile Fracture is a popular topic in Fracture Mechanics, and many researchers 
have carried out experimental or modelling studies to investigate the fracture 
phenomenon in different materials, such as steel, concrete, polymers, and other advanced 
14 
materials [11]  (Figure 5). 
Brittle fracture is a sudden breakage with a negligible amount of permanent 
deformation and is associated with materials that behave with linear elasticity under slow 
and monotonic loading conditions. By altering the loading rate, specimen size, or 
temperature, the same material can behave in a very ductile manner. Ductile fracture is 
the consequence of cavities’ (microvoids) nucleation, growth, and coalescence (Dodd et 
al., 1987), and the microvoids are present before the stress is applied. Microvoids in the 
virgin material grow when the material undergoes plastic deformation. When these 
cavities continue to grow and coincide, fractures initiate and rupture further [11] (Figure 
6). 
 
 
 
Figure 4: Ductile fracture is the consequence of cavities’ (microvoids) nucleation, 
growth, and coalescence. 
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1.2.3 Fracture strength 
Mechanical strength is a critical parameter that must be tested when dental 
materials are designed and evaluated, and is tested by applying repetitive aggressive 
loading. These tests are devised to inspect how much load a material can withstand during 
one application and the effect of cyclic stress [24, 25]. 
Toughness is a measure of a material’s durability when it is deformed plastically, 
and is defined by the material’s ability to absorb energy and deform plastically before 
fracture. Typically, this parameter is measured by calculating the area under the stress 
strain curve in a tensile test or by measuring the energy absorbed in a notch-impact test 
[24, 25]. 
A tensile test is conducted by applying an axial force to a standard specimen slowly 
using a suitable testing machine and measuring the corresponding dimensional changes. 
When a specimen is pulled to failure in a tensile testing machine, the stress values and 
corresponding strains calculated are plotted on a graph to produce a stress-strain diagram, 
and analyzing this diagram allows the key mechanical properties to be determined. A 
material’s ability to withstand loads without undergoing excessive distortion or failure is 
defined as its mechanical strength [24, 25] (Figure 5). 
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Figure 5: A simplified stress strain curve. 
 
 
An Instron universal test machine is used before and after fatiguing to evaluate 
fracture strength quantitatively. This machine uses static loading to fracture and provides 
an indication of whether a given material and type of restoration can be considered a viable 
clinical option [22]. The literature indicates that two inherent flaws’ presence compromise 
the material’s ability to withstand forces: fabrication defects (internal voids, porosities, or 
microstructural features that arise during processing) and surface cracks (surface defects 
that result from machining and grinding) [26]. Failure begins with microscopic damage 
that results from the interaction of preexisting defects with applied loads. Failure also can 
occur because of impact forces or subcritical crack growth, which is enhanced in an 
aqueous environment [26, 27].  
22 clinical studies evaluated 4277 all-ceramic crowns. A total of 357 complications 
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were encountered, with a mean complication incidence of 8%. The most common 
complication was crown fracture (7%), while the molar fracture rate was 21% [28]. 
Chewing force was found to influence all-ceramic restorations’ fracture resistance 
significantly. The higher biting loads exerted on molar teeth lead to a measurable in vivo 
masticatory force in this region of between 0.9 and 89.9 kg [22]. Repetitive loading, which 
produces fluctuating stresses and strains, may be the most common mechanism of dental 
prosthesis failure. A ceramic crown’s intraoral failure (fracture) generally occurs by a 
combination of bending and torsional forces, such as those produced by incisal leverage. 
These forces involve tensile stresses that occur because of comparatively light, but 
repeated, occlusal loading on the crown’s inner surfaces. These low-energy flexural forces 
place surface flaws under tension. Subcritical flaws’ slow crack growth occurs as local 
residual stresses are relieved by existing cracks’ growth until critical dimensions are 
reached at the time of failure. The longer a stress is applied, the greater the chance of failure 
over time [29]. 
 
1.2.4 Stress analysis  
Engineers developed the concept of stress and strain to understand the physics of 
solid deformation better. A simplified theory can describe the phenomenological relation 
between stresses and strains. Hooke was the first to establish the linear relation between 
stresses and strains in an elastic body. Although he explained his theory for one-
dimensional objects, the theory later became the generalized Hooke’s law that relates the 
stresses and strains in three-dimensional elastic bodies. The normal and shear stresses 
acting on a plane that passes through a given point in a solid change as the plane’s 
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orientation changes. When a solid is subjected to forces, it deforms, and strains provide a 
measure of the deformation. Forces applied to a solid create stresses within the body to 
satisfy equilibrium, and these stresses also cause deformation or strains. Accumulation of 
strains throughout a body’s volume manifests as the body’s deflections or gross 
deformation. Hence, fundamental knowledge of the relation between stresses and strains 
is necessary to understand global behavior. Hooke was the first to propose the linear 
uniaxial stress–strain relation, which states that stress is proportional to strain (Figure 6). 
 
Figure 6: The strain on a bar different types of stress cause.  
 
 
1.3 Photoelastic Material  
Photoelastic analysis has been used widely in dentistry to study the biomechanical 
stress transfer in several kinds of prostheses. Photoelasticity is an experimental technique 
used to analyze stress in complex models when analytical methods are difficult to use. It 
is based completely on the property of some transparent materials that exhibit fringes 
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when load is applied and is observed through polarized light, as the stresses that occur in 
the model during load application cause internal deformations that refract polarized light. 
Interpretation of these fringes clarifies stress distribution and allows its direction and 
magnitude to be measured at any point in the model. In the photoelastic method, a 
prototype model like the structure studied is made in a transparent material that has 
photoelastic properties. This prototype model is subjected to a representative loading of 
the work conditions that lead to a deformation. Photoelasticity uses a polariscope, which 
allows the light propagation plane to be established and, therefore, the main stress 
directions, as well as the difference between the two components of main stress. This 
instrument consists of a polarizer, analyzer, and wave plates. These three optical elements 
together with the light source form the polariscope’s assembly. The polarized light 
crosses the wave plates and arrives at the observer as an image of the optic parameters 
[30]. Through the refraction of light waves in a loaded photosensitive material, a field of 
dark (isoclinic fringes) and colored lines (isochromatic fringes) appears, and by 
examining these lines, we can determine a tested object’s stress state [31] (Figure 7). 
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Figure 7: Plane polariscope with a loaded specimen demonstrating the fringe pattern. 
1.3.1 Fringe generation 
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The transparent photoelastic material under internal mechanical stress exhibits 
birefringent properties attributable to its anisotropic nature that demonstrate double 
refraction. The light polarized parallel to the director has a different index of refraction 
than does that polarized perpendicular to it. When the light passes through a birefringent 
material, it breaks up into fast ordinary and slow extraordinary ray components. These 
two components travel at different velocities that cause the waves to become out of 
phase. As they exit the birefringent material, they recombine and the polarization state 
changes with the phase difference. When a ray of light is passed through the photoelastic 
material placed between two perpendicular polarizers, it experiences two refractive 
indices. Photoelastic materials exhibit the property of birefringent only when stress is 
applied, and the magnitude of the refractive indices at each point in the material is related 
directly to the state of stress at that point. The two waves then are brought together in a 
polariscope. The phenomenon of optical interference takes place and a fringe pattern 
appears that depends on relative retardation. Thus, by studying the fringe pattern, the 
state of stress at various points in the material can be determined. Later, the fringes are 
assigned ordinal numbers (first, second, third, etc.) as they appear and maintain their 
original order throughout the loading sequence. When the photoelastic specimen is 
observed with a reflective polariscope, the fringe pattern appears as a series of successive 
bands of different colors, each of which represents a different degree of birefringence 
corresponding to the strain in the test. The photoelastic fringe pattern can be read like a 
topographic map to visualize the specimen’s stress distribution [32]. 
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Figure 8: Michel-Levy interference color chart. 
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Figure 9: Isochromatic fringes’ characteristics.  
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1.4 Finite Element Analysis 
Differential equations and variational equations are difficult to solve, and when 
the geometry is complex, they are not trivial to solve analytically. In Finite element 
analysis (FEA), rather than solving the variational equation analytically, an approximate 
solution is sought [33]. FEA is one of the numerical methods used most widely to solve 
the problems of mechanics of continuum [34]. FEA’s basic concept is to divide the 
complex body’s geometry into smaller and simpler domains, called finite elements, and 
then to formulate a solution for each element rather than seeking a solution for the entire 
domain [34]. 
 
 
 
Figure 10: The stress and strain estimated through model structures can be analyzed 
using visualization software that simulates the complex physical system’s behavior. 
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FEA is a method of discrete analysis and, unlike other numerical methods that are 
based on mathematical equations of boundary problems, it is based on physical 
discretization of the domain considered. The basis for all calculations is represented by 
the part of the domain that has finite dimensions, or the finite element. It performs 
numerical calculations for practical cases when analytical calculations of relevant 
quantities are insufficient. Largely, it is a numerical method to analyze stresses and 
deformations in structures of any given geometry. The stress and strain estimated through 
model structures then can be analyzed using visualization software within the FE 
environment to evaluate a variety of physical parameters caused by external force, 
pressure, thermal change, magnetic field power, and other factors [35] (Figure 10). 
The structure is discretized into these finite elements, in which discretization is 
the process of transferring continuous functions, models, and equations into discrete 
counterparts. This process is carried out typically as a first step in making them suitable 
for numerical evaluation and implementation on digital computers [33]. The finite 
elements relate to adjacent elements by sharing their nodes. Then, within each finite 
element, the solution is approximated in a simple polynomial form [33] [36].  
From the perspective of physical interpretation, this means that the real physical 
domain observed with infinite number of degrees of freedom (DOF) can be replaced with 
a discretized geometrical model with a finite number of DOF. Such a model consists of 
elements interconnected by a finite number of points, the nodes. These finite elements 
have defined dimensions, physical properties, and simple geometry, and together, they 
can “simulate” a complex physical system’s behavior. As part of the process of 
discretization, the nature of the problem analyzed and the accuracy of the solution 
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required influence the choice of the shape and number of the finite elements used in the 
numerical simulation [34]. 
Finite element contact analysis has emerged recently in numerous dental and 
prosthodontic studies. The method is extremely useful in estimating dental prostheses’ 
biomechanical characteristics and supporting oral tissues that are difficult to measure in 
vivo. FEA now has become accepted widely as a non-invasive and excellent tool to study 
biomechanics and mechanical forces’ influence on biological systems, as it enables the 
visualization of superimposed structures, and stipulation of anatomic craniofacial 
structures’ material properties [36]. 
It also allows the location, magnitude, and direction of an applied force to be 
established, as it may also assign stress points that can be measured theoretically [36]. 
Thus, it has become an increasingly powerful predictor of realistic structural stress and 
strain that cannot be estimated in a linear static model. Further, FEA of simulated 
traumatic loads can be used to understand fractures’ biomechanics [36]. 
In general, research fields in which FEA is implemented in dentistry can be 
classified as follows:  
• Investigation of improved shape and design of fillings, crowns, dental implants, 
removable dentures, dental bridges, etc. 
• Examination of mutual interaction of stomatognathic system supporting structures 
• Study of residual stresses that occur as a consequence of mechanical and thermal 
extension in crowns and dental fillings 
• Research on physiological and biochemical effects of chewing forces, teeth 
reactions to occlusal forces, and their interaction and stress concentration  
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• Research and application in orthodontics 
• Research and application in implantology [34] 
When FEA is used in dentistry, various simplified assumptions are made 
regarding modeling geometry, load, boundaries, and material properties [36]. 
Szwedowski et al. compared FEA with real models and found that the model was 
highly consistent with actual strain gauge measurements. FEA’s limitations are that it is a 
computerized in vitro study in which clinical conditions may not be replicated 
completely. In addition, stress analysis usually is conducted under static loading, and the 
materials’ mechanical properties are set as isotropic and linearly elastic, although this is 
not the case. Therefore, the results may be interpreted only qualitatively [36]. With these 
limitations in mind, further FEA research should be supplemented with clinical 
evaluation [36], as FEA’s benefits and limitations have not been examined thoroughly, 
particularly for data interpretation. Hence, the key elements required for this method’s 
design and appropriate use should be investigated fully [35] [36]. 
Various engineering software packages are available to model and simulate the 
structure of interest. 
 
1.4.1 ANSYS  
ANSYS is an acronym for Analysis System, and is a software that enables 
engineers to enhance product designs and solve complex structural materials using 
feasible FEA tools, customizing automated solutions to structural mechanics, and 
parametrizing them to analyze multiple design scenarios that have the advantage of 
reducing testing materials’ cost. 
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1. Geometry. The model’s structure must be close to that of the actual structure and 
unreasonable simplifications unavoidably will result in significant inaccuracy: 
thus, experience and good judgment are needed to define adequate geometry. To 
decrease the time required to obtain numerical solutions, researchers perform two-
dimensional (2D) rather than three-dimensional (3D) analyses often because a 2D 
model is as efficient and accurate as is a 3D model if it is defined well [34]. 
2. Material properties. These influence the stress and strain distribution in a structure 
considerably. These properties can be modeled as isotropic, orthotropic, 
anisotropic, hyperelastic, viscoelastic, plastic (plasticity), etc. When the properties 
are equal in all directions, the material is linearly isotropic and only two 
independent material constants (Young’s modulus E and Poisson’s ratio ν) must 
be defined [34]. In most investigations reported in dentistry, materials were 
modelled as homogenous and linearly isotropic for two main reasons: 1) It is 
difficult to determine a material’s orthotropic, anisotropic, or hyperelastic 
properties accurately [34].  
3. Loading conditions. The forces acting upon the molar teeth during mastication 
change direction, magnitude, and location constantly depending on the specific 
contact between opposing tooth surfaces [35]. It is important to emphasize that all 
loads can be classified as either static or dynamic [34]. Masticatory forces are 
dynamic loads, but because they are difficult to model numerically, most FEA 
uses static loads. In general, loads used in FE simulation can be divided into axial 
and horizontal forces (or moment-causing loads). Combinations of these forces 
(referred to as mixed loading) define oblique occlusal loads that are more realistic 
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and usually generate considerable localized stresses in compact bone. An axial 
force acts down the long axis of the tooth or implant and hence produces 
compression (which is favorable), while horizontal loading transmits tensile 
stresses and induces bending (which is undesirable) [34]. Extensive studies of 
masticatory (bite) force have revealed significant variations in magnitude that 
were related to the area of the mouth, muscle size, bone shape, sex, age, and many 
other factors. In the premolar region, values of masticatory force range from 40 to 
600 N, and forces from 50 to 400 N have been recorded in the molar region for 
young adults, while forces from 25 to 170 N have been measured in the incisal 
region [34]. 
4. Boundary conditions. The boundary conditions (BCs) are the values of the field 
variables (or related variables such as derivatives) specified on the boundaries of 
the field of interest. Thus, physical constraints, such as displacements and 
supports, must be applied to the virtual model’s boundaries to ensure an 
equilibrium solution. These constraints are placed on nodes and can prevent 
displacement and rotation in all directions (fixed support) [34]. 
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1.5 Statement of the Problem 
FPDs’ fracture tends to occur in the connector area because of the stress 
concentrations there. Understanding the complexity of stress distribution is important to 
enhance the restoration’s final mechanical properties that improve FPDs’ survival time, 
enhance clinical fracture resistance, provide a safe and effective restoration, and avoid 
catastrophic failures and increased patient-care costs.  
The methods used to solve fracture mechanics’ problems for bodies with cracks 
are developed well, but much less attention has been given to the fracture of bodies with 
sharp V-notches, which also is responsible for the appearance of singularities of stresses 
in linearly elastic bodies.  
 
1.6 Objectives   
Altering the framework’s design is a method used to strengthen the material. An 
important factor to consider is the connector region’s shape, and the curvature’s radius at 
the gingival embrasure plays a significant role in the load-bearing capacity. If the 
embrasure design is altered, the characteristic stress pattern can be optimized to improve 
the FPDs’ survival time. 
The goal of the study was to investigate the gingival embrasure of the connector 
component of the FPD used to restore posterior teeth and measure the effects of the 
curvature’s radius on the structural design of the gingival connectors’ embrasures 
quantitatively to reduce stress concentration and hence strengthen the material against 
fracture. 
31 
The study hypothesized that a bridge with a rounded gingival embrasure 
connector will perform better under stress and will require more force to fracture when 
compared to the traditional design (Figure 11). 
 
 
 
Figure 11: Bridges with a rounded gingival embrasure connector will perform better 
under stress and will require more force to fracture when compared to the traditional 
design. 
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CHAPTER 2. MATERIALS AND METHODS 
 
2.1 Materials 
Five Provisional C&B materials were selected to fabricate FPDs. The test 
materials included: Telio CAD (Ivoclar-Vivadent), Coldpac (Motloid), Protemp Plus 
(3M), VersaTemp (Sultan), and Turbo Temp (Danville). 
 
2.1.1 Telio CAD (Ivoclar-Vivadent) 
Telio CAD are cross-linked PMMA blocks used to fabricate long-term temporary 
restorations efficiently. It is composed of 99.5% PMMA and <1% pigments. CAD/CAM 
can be used to machine single teeth as well as single or multi-unit, fully-anatomic 
temporary restorations [37] (Figure 12). 
 
 
 
Figure 12: Telio CAD (Ivoclar-Vivadent). 
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2.1.2 Coldpac (Motloid) 
Coldpac is a crosslinked, chemically-cured Polymethyl methacrylate PMMA. The 
material comes as a powder-liquid system, and both the powder and liquid contain 
multiple components. The powder contains small amounts of prepolymerized PMMA, 
benzoyl peroxide initiator (1%), and inorganic pigments for color. The liquid is stored in 
dark colored bottles to prevent light exposure, and contains cross-linked methyl 
methacrylate monomer, traces (0.1%) of hydroquinone, an inhibitor to prevent 
inappropriate polymerization by incident ultraviolet light, and aromatic amine accelerator  
[38] (Figure 13). 
 
 
 
Figure 13: Coldpac (Motloid). 
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Resin composites also are used to make temporary crowns or bridges, and are 
supplied as an automixing system with a cartridge and a gun that mix the two 
components together as the material is injected into the crown former or impression. 
The materials are either light-, chemically-, or dual-cured to form a highly cross-
linked polymer network [38]. 
The following is the general polymerization reaction for any dental composite 
system: Dimethacrylate + Initiator + Accelerator + Treated inorganic ® Dental 
composite.  Composites consist of three phases: resin matrix, dispersed inorganic filler 
particles, and saline coupling agent on the filler particles to produce a good bond between 
the matrix and filler. In self-curing systems, polymerization is accomplished with an 
organic peroxide initiator and organic amide accelerator. The initiator and accelerator are 
kept separate and not mixed until just before the restoration is placed [38]. 
 
2.1.3 Protemp Plus (3M) 
3M ESPE Protemp™ Plus Temporization Material is a two-component composite 
with a new generation of fillers used to fabricate interim restorations. It is indicated for 
temporization of single- and multiple-unit crowns, bridges, inlays/onlays, and veneers, 
including long-term provisional restorations. Its silica filler content is 25-40% (Figure 
14). 
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Figure 14: Protemp Plus (3M). 
 
 
2.1.4 VersaTemp (Sultan) 
Temporization Material is a two-component 25/50 mL composite of Urethane 
Bismethacrylate, Urethane Acrylate, Alkyl Methacrylate, Dibenzoyl Peroxide, Urethane 
Acrylate, Urethane Bismethacrylate, and Alkyl Methacrylate [39]. 
It is indicated for temporization of single- and multiple-unit crowns, bridges, 
inlays/onlays, and veneers, including long-term provisional restorations. The filler 
content is lesser than 50% (Figure 15). 
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Figure 15: VersaTemp (Sultan). 
 
 
2.1.5 Turbo Temp 2 (Danville) 
Temporization Material is a two-component, Bis-Acrylic self-cure composite 
resin used to fabricate provisional crowns, bridges, inlays/onlays, partial crowns, and 
veneers, and is 45-50% silica filler (Figure 16). 
 
 
 
Figure 16: Turbo Temp (Danville).  
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2.1.6 Temp-Bond (Kerr) 
Temp-Bond™ is a self-curing, zinc-oxide, eugenol-based temporary cement 
indicated for temporary crowns, bridges or splints, and for trial cementing permanent 
restorations [40] (Figure 17). 
 
 
 
Figure 17: Temp-Bond (Kerr). 
 
 
Table 2: List of materials used and their composition. 
Material Manufacturer Chemical composition 
Telio CAD  Ivoclar-Vivadent cross-linked PMMA 
Coldpac  Motloid cross-linked PMMA 
Protemp Plus  3M Bis-Acrylic 
VersaTemp  Sultan Bis-Acrylic 
Turbo Temp 2  Danville Bis-Acrylic 
Temp-Bond  Kerr zinc-oxide eugenol 
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This study involved testing the materials listed in Table 2, which differ in their 
chemical composition and mode of fabrication. The materials were used according to the 
instructions the respective manufacturer provided. All tests were conducted under 
ambient laboratory conditions (23 ± 1 0C, 50 ± 5% relative humidity). 
 
2.2 Material Properties 
 
2.2.1 Fracture toughness (static) test  
 
 
 
Figure 18: Testing fracture toughness using the single edge pre-crack beam method. 
 
 
The CAD/CAM Telio CAD block was sectioned into a grid of rectangular bars with 
a cross-section of 25 x5 x 25 mm.  
The sectioning was performed using a Precision Sectioning Blade IsoMet, no. 11-
4276 with 0.5 mm thickness mounted on an Isomet® 5000 Precision Saw (Buehler, Lake 
Bluff, IL) (Figure 19). The cuts were made at 800 rpm with 300 grams of load. The cutting 
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area was cooled constantly by a dual-nozzle water irrigation system.  
Specimen dimensions were verified with a micrometer after sectioning (Model no. 
293-715; Mitutoyo Corporation, Kanagawa, Japan). 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Isomet 5000 saw. 
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Figure 20: Isomet low speed saw. 
 
 
A split-machined aluminum mold sandwiched between two glass slabs was used 
to fabricate bar-shaped specimens of the injectable materials Coldpac (Motloid), Protemp 
Plus, VersaTemp, and Turbo Temp with dimensions of  25 x 2 x 2 mm (American 
National Standards Institute/American Dental Association specification no. 27) [41] 
(Figure 21). All materials were mixed and polymerized according to the manufacturers’ 
instructions. The methacrylate resins, Coldpac, were measured, hand-mixed, and auto-
polymerized, while for the cartridge-dispensed materials, a small amount was extruded 
and discarded before the material was applied to the mold. 
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Figure 21: The split-machined aluminum mold used to fabricate the bar-shaped 
specimens of the injectable materials. 
 
 
A final check of the specimen dimensions was performed with a micrometer 
(Model no. 293-715; Mitutoyo Corporation, Kanagawa, Japan). Any specimens with out-
of-range dimensions were discarded. The bars also were checked for chipping at the edges, 
and any with visible chipping were discarded. The notch depth was measured using the 
Micromet® 2003 Micro hardness Tester’s microscope (Buehler, Lake Bluff, IL).  
A three-point bending test was carried out on the specimens using an Instron 5566A 
Universal Testing Frame (Instron, Norwood, Massachusetts) with 1 kN load cell. The 
specimen was positioned on a fixture with a 20 mm support span in such a way that the 
notch was placed at the bottom of the samples, centered under the loading apparatus, and 
aligned perpendicular to it [7]. The crosshead speed was 0.25 mm/min, controlled using 
BlueHill 3 software (Instron, Norwood, MA). Each specimen then was loaded with force 
to fracture (Figure 22). 
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Figure 22: The test was performed with a crosshead speed of 0.25 mm/min controlled 
using BlueHill 3 software. Each specimen was loaded with force to fracture. The second 
figure shows a fractured bar with fluorescent dye under the UV light. 
 
 
The controlling software calculates the maximum load, N, and maximum 
extension [mm]. Fractured pieces of the specimen were collected and stored in a sealed 
plastic sleeve for future use. The data collected in the bending test, combined with the 
post failure specimen measurements, permitted the values of fracture toughness to be 
calculated in MPa m1/2 for all specimens according to the equation of fracture toughness 
shown below:  
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KIC = Y σ √a 
where: 
• Y is the dimensionless stress intensity shape factor. 
• σ is the fracture strength. 
• A is the notch depth. 
 
2.2.2 Compressive strength 
Compressive strength is a mechanical test that measures the maximum amount of 
compressive load a material can withstand before fracturing. The test was performed on a 
cylinder fabricated from each of the four temporary materials by injecting a hollow 
polyethylene tube with the material desired and finishing it to the specimen desired. The 
cylinders were 3.2 mm in diameter and 6 mm long. Compressive load was applied to the 
specimens positioned between the platen surface of an Instron 5566A Universal Testing 
Frame (Instron, Norwood, MA) with 1 kN load cell, and the load was applied gradually 
with a crosshead speed of 5 mm/min (Figure 23). 
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Figure 23: Testing the fabricated cylindrical temporary materials’ compressive strength. 
 
 
2.3 Framework Design 
The master model was a stainless-steel framework holding two standardized 
aluminum abutments in the molar region (Figure 27). The two abutments were separated 
by 18mm measured from the center and a deep chamfer finish line and 100 axial surface 
taper. The master model was scanned using the CEREC Bluecam inlab scanner, and the 
dataset was saved in the CAD/CAM unit (Sirona, DENTSPLY Sirona Inc.) GI mask 
(Coltene/Whaledent) was applied encircling the abutments in an asymmetrical manner to 
facilitate the scanner’s ability to digitize the scanned image (Figure 24). 
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Figure 24: The master model was a stainless-steel framework holding two standardized 
aluminum abutments in the molar region. 
 
 
 
Figure 25: GI mask (Coltene/Whaledent) was applied encircling the abutments in an 
asymmetrical manner to allow the scanner to digitize the scanned image. 
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The bridge mode was selected, with teeth #30, 32 as the abutments, and tooth #30 
representing the pontic. The opposing upper model and buccal bite were not necessary in 
this study, and thus, this step was skipped. After the software analyzed the working 
model, the model axis was centered on the abutments, which helped insert the axis for the 
proposals designed properly. Next, the margins were traced using the automatic option, 
and then were magnified to make minor corrections. The pontic margin was marked by 
tracing a circle in its position for the design proposed. All walls of each crown in the 
design were 2-mm thick, with a cement space of 90 microns beginning 1 mm above the 
margin. The connectors were adjusted to maximum thickness to ensure sufficient material 
was available for the round and sharp cuts after milling. Finally, the bridge was smoothed 
to achieve a clean framework and the sprue was positioned on the side away from the 
margin to simplify its removal (Figure 26). 
 
 
 
Figure 26: The master model was scanned using the CEREC Bluecam inlab scanner, and 
the dataset was saved in the CAD/CAM unit. 
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Figure 27: Milling Telio CAD three-unit bridge. 
 
 
2.3.1 Gingival embrasure design  
The embrasures of the milled Telio CAD bridges were formed using prefabricated 
cutters with a measured sharpness angle (0.002rad and 0.03rad) and a fixture to hold each 
provisional FPD in place for the uniform standardized cuts (Figures 28, 29). 
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Figure 28: Cross-section of the two bridge designs with the respective rotary cutter 
(McMASTER-CARR V-notch cutter) used to make the cuts. 
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Figure 29: The milled Telio CAD’s round and sharp (0.002r and 0.03r) embrasure 
designs. 
 
 
2.3.2 Fabrication of the custom-made provisional FPDs  
Molds of the CAD-CAM provisional FPDs were used to fabricate the custom 
temporary materials, and form bridges with the same geometrical design. Each of the four 
materials had two different molds, one of which was made of the sharp gingival 
embrasure design, while the second held the rounded design.  
The mold was made using aluminum cupcake paper cups as a hollow container to 
hold the setting material, and the manufacturer’s instructions were followed when the 
PlatSil® 73-25 (Polytek Development Corp.) was mixed. Silicone rubber is a two-part, 
platinum-catalyzed, liquid silicone system that cures (RTV) to a green Shore A25 
rubber. The double-mixed method was used for a uniform mix at a 1:1 ratio; the material 
was mixed thoroughly in one container and then transferred to another container to mix it 
again. The silicon material was poured in a thin, even stream in three stages. In the first 
stage, only a third of the paper cup was filled to form the base of the mold. After it set, 
the bridge was positioned in the center with the occlusal surface facing the base. 
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Stainless-steel balls with different radii were positioned around the bridge and formed a 
lock and key dowel for the mold’s lid to ensure the mold’s proper alignment, after which 
the silicon material was poured once again in a thin stream to cover half of the bridge 
while ensuring that the embrasures were free of material. After the material set, the 
stainless-steel balls were removed carefully, leaving the bridge in place, a thin separating 
medium was sprayed evenly on the surface, a thin layer of Vaseline was spread on top of 
the dried separating spray, and the final layer of material was poured and put aside to set. 
The embrasures were cut out later and Aquasil Ultra Rigid (DENTSPLY CAULK), an 
impression material that is a quadrafunctional, hydrophilic addition reaction, silicone 
elastomeric dental impression material was injected to make an accurate impression of 
the sharp and rounded embrasures (Figure 30). 
 
 
 
Figure 30: The silicon molds used to fabricate the provisional denture prosthesis utilizing 
the injectable material. 
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Each of the four materials was injected into the mold and put aside to set, and the 
bridges then were examined for uniformity and proper form. Any bridges with 
deformities were discarded (Figure 31). 
 
 
 
Figure 31: Mold used to fabricate the provisional denture prosthesis utilizing the 
injectable material. 
 
 
All provisional bridges were cemented to the corresponding standardized 
abutments using Temp-Bond (Kerr) under a standard weight of 1.4 kg for 24 hours. 
Excess cement material was removed with a hand scaler (Figure 32). 
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Figure 32: All provisional bridges were cemented to the corresponding standardized 
abutments using Temp-Bond (Kerr) under a standard weight of 1.4 kg for 24 hours. 
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2.4 Fracture Load (static) Test  
The cemented bridges for each material (n=6) were tested to failure in a universal 
Instron testing machine by loading each specimen in the mid pontic region and 
conducting the three-point bending test. The load at fracture was recorded in Newton 
(Figure 33). 
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Figure 33: The universal Instron testing machine compressive loading each specimen in 
the mid pontic region. 
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2.5 Fracture Load (after 100K cyclic loading)  
Each group of materials of the cemented three-unit partial dentures (n=6) was 
subjected to 100k loading cycles at 1 Hz in water baths under a pneumatically-driven 
fatigue tester using a maximum load of 200-250 N. The cyclic-loaded specimens were 
then subjected to the same three-point bending test (Figure 34). 
 
 
 
Figure 34: The bridges were subjected to 100k loading cycles at 1 Hz in water baths 
under a pneumatically-driven fatigue tester using a maximum load of 200-250 N cyclic 
loading. 
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2.6 Fabrication and Testing Photoelastic Three-unit Bridge 
Two standard metal abutments were used to hold the photoelastic bridge. The top 
head of the abutment was sawed off and a hole was drilled to position a pin and function 
as the prepared tooth. The pins were positioned at the peripheries to leave more space at 
the embrasures for clarity, as the bridge was positioned between the polarizers.  
A large photoelastic block was sectioned into smaller blocks using a saw, and was 
shaped and finished to replicate the Telio CAD blocks. The spindle was removed from a 
used Telio CAD block and positioned carefully on top of the fabricated photoelastic 
block to replicate the original Telio CAD block (Figure 35). 
The same CAD/CAM machine was used to mill the CAD/CAM blocks with the 
same process mentioned previously. Later, the embrasures were cut with the same tools 
for the Telio CAD blocks to create the measured radii (0.002r and 0.03r) uniform 
standardized cuts (Figure 36). Thereafter, the bridges were placed in the oven according 
to the manufacturer’s recommendation to eliminate any residual stress. 
 
 
2.6.1 Heat treatment cycle 
• Room temperature to 800C at 100 per hour ramp rate 
• 800C to 500F at 150 per hour ramp rate 
• Hold for 2 hours 
• Cool to room temperature 100F per hour 
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Figure 35: Steps in fabricating the photoelastic blocks. 
 
 
Figure 36: The 2D photoelastic bridges seated on their corresponding abutments. 
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2.7 ANSYS  
Prosthetic appliances placed in the posterior region are subjected to the diverse 
occlusal contacts of maxillary and mandibular teeth’s influence, as well as to the occlusal 
force of the masticatory movement. Frameworks were designed using two different 
variations in the embrasures. 
 
2.7.1 Definition of structures: Preparation of the FPD FE model  
To create an FE model, a three-unit FPD replica was fabricated of the mandibular 
right premolar to mandibular right molar replacing the mandibular right first molar. The 
FPD framework’s structure consists of: (1) main framework that supports the FPD 
against vertical loads; (2) full-coverage crowns on abutments that increase resistance to 
dislodgement, and (3) the embrasures, both round and sharp designs, the replicas of 
which were made in accordance with the Textbook of Dental Anatomy and the following 
anatomic measurements: the mesiodistal distance of the FPD was 23.727 mm and the 
crown length was 8.01 mm. Because cementum, the periodontal ligament, and alveolar 
bone are thought to influence the magnitude and distribution of stresses only slightly, 
they were ignored and a complete FPD-abutment interface was established (Figures 41, 
42). 
The preprocessor of an FE analysis program (ANSYS 10.0, ANSYS) generated 
point clouds that described the replica surface, which were used as input data for the FE 
model. 
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2.7.2 Material properties, load case, and data processing  
A preprogrammed stainless-steel option determined the materials’ properties used 
for this FE analysis’ values, which were modelled as homogenous and linearly isotropic. 
Hexagonal elements with 20 nodes were selected for the framework, and two different FE 
models were constructed in the study, a FPD with a sharp embrasure consisting of 31 
faces, 87 edges, and 58 vertices and another with a rounded embrasure consisting of 33 
faces, 93 edges, and 62 vertices (Figures 37, 38). 
 
 
 
Figure 37: FE three-unit bridge model with the sharp embrasures. 
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Figure 38: FE three-unit bridge model with the round embrasures. 
 
 
In the FPD framework’s boundary and loading conditions, one loading condition 
was applied to simulate the occlusal force of the masticatory movement. A perpendicular 
load of -100 N was derived from the maximum occlusal force on healthy permanent teeth 
and applied to the pontic (Figure 39). The final element on the x, y, and z axes of the 
abutment base was assumed fixed, and thereby defined the boundary conditions. FE 
analysis was presumed to be static linearly (Figure 40). 
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Figure 39: The surface selected for a perpendicular load of -100 N to simulate occlusal 
force of the masticatory movement. 
 
 
 
Figure 40: The two surfaces of fixed support selected to simulate pontics in the three-
unit bridge model. 
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CHAPTER 3. RESULTS 
 
3.1 Fracture Toughness with Single Edge Pre-crack Beam Method 
The results of a one-way ANOVA showed that the mean (SD) fracture toughness 
of Coldpac was 1.713 (0.35) MPa.m^0.5, Protemp Plus was 1.52 (0.52) MPa.m^0.5, 
Telio CAD was 1.66 (0.35) MPa.m^0.5, Turbo Temp 2 was 1.11 (0.31) MPa.m^0.5, and 
Versatemp was 1.19 (0.13) MPa.m^0.5. 
The results of the Tukey-Kramer HSD showed that Coldpac and Telio CAD had 
significantly higher fracture toughness than did Turbo Temp 2 and Versatemp (p<0.001). 
However, Protemp Plus’ fracture toughness did not differ significantly between the 
groups of materials (Table 3, Figure 41). 
 
 
Table 3: One-way ANOVA means and SDs of temporary materials’ fracture toughness 
in MPa.m^0.5. Comparison between groups of materials and fracture toughness using the 
Tukey-Kramer HSD test. Materials that do not share the same number differ 
significantly.  
        
Material  Number Mean SD   
Coldpac  10 1.71 0.34 A  
Telio CAD  10 1.65 0.34 A  
Protemp Plus  10 1.52 0.51 A B 
Turbo Temp 2  10 1.11 0.30  B 
Versa Temp  10 1.19 0.13  B 
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Figure 41: Temporary materials’ mean fracture toughness. 
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Figure 42: Temporary materials’ fracture toughness means and SDs and comparisons of 
fracture toughness between groups. 
 
 
3.1.1 Fracture toughness of acrylic vs. composite temporary materials 
The results of a one-way ANOVA showed that acrylic temporary materials 
demonstrated higher fracture toughness than did composite temporary materials. The 
mean (SD) of acrylic temporary materials’ fracture toughness was 1.68 (0.34) MPa.m^0.5 
and that of composites was 1.27 (0.38) MPa.m^0.5. 
The t-test of the difference between acrylics and composite temporary materials’ 
fracture toughness was significant (p=0.0004, Table 4, Figures 43, 44). 
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Table 4: Mean and SD of acrylics and composites temporary materials’ fracture 
toughness in MPa using one-way ANOVA. Comparison between groups of materials and 
fracture toughness using Tukey-Kramer HSD test. Materials that do not share the same 
letter differ significantly. 
Material N Mean SD   
Acrylic 20 1.68 0.34 A  
Composite 30 1.27 0.38  B 
 
 
 
 
 
Figure 43:  Acrylic vs. composite temporary materials’ mean fracture toughness 
(MPa.m^0.5). 
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Figure 44: Acrylic vs. composite temporary materials’ mean and SD fracture toughness. 
 
 
3.2 Flexural Modulus with Single Edge Pre-crack Beam Method 
The results of a one-way ANOVA on flexural modulus yielded significant 
variation among temporary materials (p<0.0001). Calpac’s mean (SD) flexural modulus 
was 1.02 (0.15) GPa, Protemp Plus was 2.40 (0.44) GPa, Telio CAD was 7.81 (1.49) 
GPa. Turbo Temp 2 was 2.29 (0.33) GPa, and Versatemp was 2.60 (0.82) GPa. Thus, 
Telio CAD had the highest flexural modulus, while Coldpac showed the lowest. 
The results of the Tukey-Kramer HSD showed that Telio CAD and Coldpac had 
significantly different flexural moduli (p<0.001). However, Protemp Plus, Versatemp, 
and Turbo Temp 2’s flexural moduli did not differ significantly (Table 5, Figures 45, 46). 
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Table 5: Means and SDs of temporary materials’ flexural modulus in GPa. Comparison 
between groups of materials and flexural modulus in GPa with the Tukey-Kramer HSD 
test. Materials that do not share the same letter differ significantly. 
 
 
 
 
 
 
 
 
 
 
 
Figure 45: Means and SDs of temporary materials’ flexural modulus (GPa). 
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Telio CAD 10 7.81 1.49 A   
Protemp Plus 10 2.40 0.44  B  
Turbo Temp 2 10 2.29 0.33  B  
Versa Temp 10 2.60 0.82  B  
Coldpac 10 1.02 0.15   C 
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Figure 46: Means and SDs of temporary materials’ flexural modulus (GPa). 
 
 
3.2.1 Flexural modulus of acrylic vs. composite temporary materials 
The results of a one-way ANOVA on flexural modulus yielded significant 
variation among acrylic and composite temporary materials (p<0.0001). Acrylic 
temporary materials showed a higher flexural modulus than did composite temporary 
materials. The mean (SD) flexural modulus of acrylic temporary materials was 4.41 
(3.63) GPa and that of composites was 2.42 (0.56) GPa. 
A t-test for flexural toughness between acrylic and composite temporary materials 
was significant (p=0.0048, Table 6, Figures 47, 48). 
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Table 6: Means and SDs of one-way ANOVA of acrylic and composite temporary 
materials’ flexural modulus (GPa). Comparison between groups of materials and flexural 
modulus using the Tukey-Kramer HSD test. Materials that do not share the same letter 
differ significantly. 
Material N Mean SD   
Acrylic 20 4.41 3.63 A  
Composite 30 2.42 0.56  B 
                                  
 
 
 
 
Figure 47: Means and SDs of temporary materials’ flexural modulus (GPa). 
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Figure 48: Means and SDs of acrylic vs. composite temporary materials’ fracture 
toughness. 
 
 
3.3 Compressive strength  
The results of a one-way ANOVA on compressive strength in MPa yielded 
significant variation among temporary materials (p<0.0001). The mean (SD) compressive 
strength of Coldpac was 312.46 (86.38) MPa, Protemp Plus was 161.16 (12.13) MPa, 
Turbo Temp 2 was 331.18 (18.21) MPa and Versatemp was 248.75 (16.44) Mpa. Thus, 
Turbo Temp 2 had the highest compressive strength, while Protemp Plus had the lowest. 
The results of the Tukey-Kramer HSD showed that Turbo Temp 2, Versa Temp, 
and Protemp Plus’ compressive strength differed significantly (p<0.001). However, 
Calpac’s flexural modulus differed significantly only from that of Protemp Plus (Table 7, 
Figures 49, 50). 
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Table 7: Means and SDs of temporary materials’ compressive strength (MPa). 
Comparison between groups of materials and compressive strength using the Tukey-
Kramer HSD test. Materials that do not share the same letter differ significantly. 
Material N Mean SD    
Turbo Temp 2 10 331.83 18.43 A   
Coldpac 10 303.97 87.91 A B  
Versa Temp 10 253.14 15.55  B  
Protemp Plus 10 160.34 6.91   C 
                             
 
 
 
 
 
Figure 49: The four materials’ compressive strength (MPa). 
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Figure 50: Means and SDs of temporary materials’ compressive strength (Mpa). 
 
 
3.4 Compressive Modulus 
The results of a one-way ANOVA on compressive modulus in GPa yielded 
significant variation among the temporary materials (p<0.0001). The mean (SD) 
compressive modulus of Coldpac was 0.93 (0.10), Protemp Plus was 0.54 (0.09), Turbo 
Temp was 0.87 (0.31), and Versatemp was 1.00 (0.18). Thus, Versatemp had the highest 
compressive modulus, while Protemp Plus had the lowest. 
The results of the Tukey-Kramer HSD showed that Protemp Plus’ compressive 
modulus differed significantly from each of the other groups (p<0.001). However, 
Coldpac, Versa Temp, and Turbo Temp 2’s compressive moduli did not differ 
significantly (Table 8, Figures 51, 52). 
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Table 8: Means and SDs of temporary materials’ compressive modulus (GPa). 
Comparison between groups of materials and Compressive modulus using Tukey- 
Kramer HSD test. Materials that do not share the same letter differ significantly. 
 
 
 
 
 
                        
 
 
Figure 51: Materials’ compressive modulus (GPa). 
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Coldpac 10 0.93 0.10 A  
Versa Temp 10 1.00 0.18 A  
Turbo Temp 2 10 0.87 0.31 A  
Protemp Plus 10 0.54 0.09  B 
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Figure 52: Means and SDs of temporary materials’ compressive modulus (GPa).  
 
 
3.5 The Two Embrasure Designs’ (round and sharp) of the Three-unit Bridges Load 
at Fracture  
The results of a one-way ANOVA showed a significant difference between the 
round and sharp embrasure designs’ load at fracture (N) (p<0.001). The mean (SD) of the 
rounded embrasure design was 950.75 (371.92) and that of the sharp embrasure design 
was 532.9 (236.41) N. Thus, the rounded embrasure design required a higher load to 
fracture than did the sharp. 
The results of the Tukey-Kramer HSD showed that the rounded embrasure design 
had a significantly different fracture load compared to that of the composite (p<0.001, 
Table 9, Figures 53, 54). 
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Table 9: Means and SDs of the two embrasure designs’ fracture load (N). Comparison 
between groups of materials and fracture load using the Tukey-Kramer HSD test. 
Materials that do not share the same letter differ significantly. 
Embrasure N Mean SD   
round 65 950.75 371.92 A  
sharp 63 532.9 236.41  B 
                                      
 
 
 
Figure 53: Means and SDs of the two embrasure designs’ loads at fracture (N) of all 
materials. 
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Figure 54: Means and SDs of the two embrasure designs’ loads at fracture (N). 
 
 
3.6 Mean Linear Regression of the Temporary Materials’ Load at Fracture  
The results of a least square mean linear regression showed a significant 
difference in the load at fracture of the materials used in the bridges’ fabrication. Telio 
CAD showed the highest fracture strength when compared to the other materials. The 
results of the Tukey-Kramer HSD showed that, except for Coldpac and Versatemp, the 
materials’ fracture load differed significantly (p<0.001, Table 10, Figure 55).  
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Table 10: Temporary materials’ mean fracture loads (N). Materials that do not share the 
same letter differed significantly.  
Material LS Mean Mean    
Coldpac 652.67 649.06  B C 
Protemp Plus 797.19 782.89  B  
Telio CAD 1043.51 1043.51 A   
Turbo Temp 2 591.79 600.48   C 
Versa Temp 663.8440 43.667199  B C 
                                 
 
 
 
 
 
Figure 55: Different temporary materials’ fracture strength (N) LS means.  
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The results of a least square mean linear regression showed no significant 
difference in load at fracture between the two three-unit bridges’ treatment groups, and 
the results of the Tukey-Kramer HSD showed that fatigue loading in the bridges’ 
treatment did not differ significantly compared to the control group (Table 11).  
 
 
Table 11: Bridges treatment groups’ mean fracture loads (N). 
Treatment LS Mean  
Control 731.35 A 
Fatigued 758.85 A 
 
 
The results of a least square mean linear regression showed a significant 
difference between the materials used to fabricate the bridges and the two different 
embrasure designs’ fracture load (N). The rounded embrasure design showed higher 
fracture loads for all materials except Coldpac; however, the two designs’ fracture loads 
did not differ significantly (Table 12). Telio CAD had the highest fracture load when 
compared to the other materials.  
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Table 12: Materials used to fabricate the bridges’ effect on the fracture load N of the 
two-different embrasure designs. Levels that do not share the same letter differ 
significantly. 
Material, embrasure design       
Telio CAD, round A      
Protemp Plus, round A B     
Versa Temp, round  B C    
Turbo Temp 2, round   C D   
Coldpac, sharp   C D   
Telio CAD, sharp   C D E  
Coldpac, round    D E F 
Versa Temp, sharp     E F 
Protemp Plus, sharp     E F 
Turbo Temp 2, sharp      F 
                 
 
Table 13: Effect of different variables on the load at fracture N. 
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Figure 56:  Different variables’ effects on the three-unit bridges’ fracture strength (N). 
 
 
3.7 Modulus of Elasticity 
The results of a one-way ANOVA showed no statistical significance between the 
round and sharp embrasure designs’ modulus of elasticity in GPa (p=0.303). The rounded 
embrasure design’s mean (SD) was 14.61 (9.95) and that of the sharp was 12.95 (8.13) 
GPa. The rounded embrasure design showed a slightly higher fracture modulus than did 
the sharp (Figures 57, 58). 
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Figure 57: The two embrasure designs’ moduli of elasticity (GPa).  
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Figure 58: Embrasure design’s effect on the three-unit bridges’ modulus of elasticity. 
 
 
The results of the multiple linear regression indicated that there was a collective 
significant effect between fatigue loading, the temporary material used to fabricate the 
three-unit bridge, and the bridge’s modulus of elasticity (p<0.001).  
The individual predictors were examined further and indicated that fatigue 
loading and material used (p<0.001) were significant predictors in the model. Bridges 
that underwent fatigue loading showed a higher modulus of elasticity with a mean of 
19.03 GPa than did the non-fatigued group with a mean of 8.56 GPa (Table 14, Figure 
59). 
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Figure 59: Fatigue loading’s effect on the three-unit bridges’ modulus of elasticity 
(GPa). 
 
 
 
 
Table 14: Effect of fatigue loading on modulus of elasticity. Levels that do not share the 
same letter differ significantly. 
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Telio CAD bridges demonstrated the highest modulus of elasticity with a mean of 
20.97 GPa, while Turbo temp 2 had the lowest with a mean of 10.21 GPa (Table 15, 
Figure 60).  
 
 
 
Figure 60: Materials’ effects on the three-unit bridges’ modulus of elasticity (GPa). 
 
 
Table 15: Materials’ effects on their modulus of elasticity. Levels that do not share the 
same letter differ significantly. 
Level LS Mean    Mean 
Telio CAD 20.979641 A   20.979641 
Versa Temp 14.846552  B  14.846552 
Protemp Plus 13.084734  B C 13.084734 
Coldpac 10.472641   C 10.472641 
Turbo Temp 2 10.215020   C 10.215020 
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Results of the binary logistic regression indicated that there was a significant 
association between the embrasure, fatigue loading, and the material used (p<0.001). 
Results of the binary logistic regression also indicated that there was a significant 
association between fatigue loading and embrasure design (p<0.001, Tables 16-19). 
 
 
Table 16: Association between material used and embrasure design. Variables that do 
not share the same letter differ significantly.  
Variables     Mean 
Telio CAD, sharp A    21.72 
Telio CAD, round A B   20.23 
Protemp Plus, round A B   16.96 
Versa Temp, round A B   16.16 
Coldpac, sharp  B C  14.07 
Versa Temp, sharp  B C D 13.52 
Turbo Temp 2, round  B C D 13.153 
Protemp Plus, sharp   C D 9.20 
Turbo Temp 2, sharp   C D 7.27 
Coldpac, round    D 6.86 
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Table 17: Association between material used and treatment of the bridge. Variables that 
do not share the same letter differ significantly. 
Variables       Mean 
Telio CAD, Fatigued A      26.03 
Versa Temp, Fatigued A B     23.11 
Protemp Plus, Fatigued  B C    18.20 
Telio CAD, Control  B C    15.92 
Turbo Temp 2, Fatigued   C D   14.72 
Coldpac, Fatigued   C D E  13.64 
Protemp Plus, Control    D E F 7.96 
Coldpac, Control     E F 7.30 
Versa Temp, Control      F 6.57 
Turbo Temp 2, Control      F 5.70 
 
 
 
 
Table 18: Association between embrasure design and treatment of the bridge. Variables 
that do not share the same letter differ significantly. 
Variables    Mean 
Round, Fatigued A   21.41 
Sharp, Fatigued  B  16.87 
Sharp, Control   C 9.45 
Round, Control   C 7.94 
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Table 19: Different variables’ effect on the modulus of elasticity (GPa). 
 
 
 
3.8 Failure Mode 
The mode of fracture was oblique anterior in the premolar region for 44 of the 63 
sharp embrasure bridges (35.2%); the remaining 18 were oblique posterior in the molar 
region (14.4%). None of the 62 sharp embrasure bridges exhibited the pontic mode of 
fracture (0%).  
The mode of fracture was oblique anterior in the premolar region for 35 of the 63 
round embrasure bridges (28%); the remaining 21 were oblique posterior in the molar 
region (16.8%). Seven of the 63 round embrasure bridges demonstrated the pontic mode 
of fracture (5.6%). Results of the Pearson correlation indicated that there was a 
significant positive association between embrasure design and mode of failure 
(p=0.0162) (Table 20) (Figures 61-63) 
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Table 20: Failure mode found in different embrasure designs. 
Count Total % 
 
anterior pontic posterior Total 
Sharp 
44 
35.20 
 
0 
0.00 
 
18 
14.40 
 
62 
49.60 
Round 
35 
28 
 
7 
5.60 
 
21 
16.80 
 
63 
50.40 
Total 
79 
63.20 
7 
5.60 
39 
31.20 
125 
 
 
 
 
Figure 61: Box plot indicating that pontic failure is correlated to higher failure load. 
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Figure 62: Three experimental models showing different fracture patterns: from left to 
right, oblique fracture in the anterior premolar region, vertical fracture of the pontic, and 
oblique fracture in the posterior molar region. 
 
 
 
 
 
Figure 63: Failure mode vs. embrasure design. 
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3.10 Photoelastic Stress Analysis of the Three-unit Bridges 
The stress distribution characteristics associated with the two embrasure designs 
of the three-unit bridges were determined visually, and were interpreted after photographs 
were taken of the bridge under load.  Examination of the models before the load was 
applied shows that no fringes were formed, which indicates the absence of preload stress. 
Where the load was applied occlusally, the fringes were concentrated at the embrasure in 
the sharp embrasure design, while they were diffused around the pontic in the round 
embrasure design (Figure 64). 
 
 
 
Figure 64: Photoelastic bridges’ stress distribution, from left to right: A, rounded 
embrasure design bridge, B, sharp embrasure design bridge, and C, a bridge designed 
with the sharp embrasure on the left side and the round embrasure on the right. 
 
 
3.11 Finite Element Analysis 
FEA was used to determine stress concentration and its distribution for each 
bridge design in the form of a color representation. The greatest stress concentration was 
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located at the embrasure in the sharp design represented by the color scheme. The red 
indicates high stress areas, while the blue stipulates no stress. The rounded design 
exhibited lower values after the load was applied occlusally (Figure 65). 
 
 
 
 
Figure 65: Stress analysis of the animated three-unit bridges using Ansys. 
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CHAPTER 4.  DISCUSSION  
 
This in vitro study compared the strength of three-unit bridges with two suggested 
embrasures to assess the way the two different designs affected the load at fracture and 
modulus of elasticity. The embrasures were introduced to the CAD/CAM Telio CAD 
bridges in a way that ensured their consistency and comparability. The first embrasure 
was deemed round with a 0.0020 rad cutter, while the second was formed using a 0.030 
rad cutter to form a sharp cut. To form the bridges with the remaining four injectable 
temporary materials, molds of the accepted Telio CAD bridges with the preformed 
embrasures were used. After the bridges were fabricated and the embrasures evaluated, 
the groups were cemented to their corresponding abutments using Temp-Bond zinc-oxide 
eugenol-based temporary cement under load. Each group of the temporary materials was 
then divided randomly into two groups, in which the control group received no treatment, 
while the other was fatigued in a cycling loading machine. An Instron machine was then 
used to load stress onto the bridges until catastrophic fracture occurred; the force was 
measured in N and recorded accordingly. The mode of fracture in each bridge was 
observed, and was defined as follows; anterior vertical fracture indicated a fracture that 
occurred at the embrasure region closer to the premolar. The pontic horizontal fracture 
and posterior vertical fracture indicated a fracture that occurred in the embrasure region 
closer to the molar. To understand the materials’ properties with respect to fracture 
toughness and compressive strength, an Instron machine was used to load stress onto 
fabricated bars with a preformed crack and fabricated cylinders, respectively, until 
catastrophic fracture occurred. Finally, to visualize the stress distribution of the forces 
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affecting the bridges, the Instron machine was used to load stress on fabricated 
photoelastic bridges, and Ansys software was used for FEA simulation. Based on the 
study’s results, sufficient evidence was found to accept that there is a significant 
difference between the two designs’ ability to withstand load and resist fracture. The 
round embrasure design was found to be significantly stronger than was the sharp. A 
significant difference also was found between the two groups and the type of temporary 
material used to fabricate the bridge, except for Coldpac, in which no significant 
difference between the embrasure anatomies was found. Fatigue loading did not appear to 
influence the two bridges’ fracture load, but the modulus of elasticity did differ 
significantly, in that the bridges that underwent fatigue loading showed a higher elastic 
modulus compared to the control group. Another variable that influenced the modulus of 
elasticity was the type of temporary material used to fabricate the bridge, in which Telio 
CAD was found to be the stiffest. However, the embrasure design did not seem to affect 
the bridges’ rigidity. 
Fracture is a complex process that involves macro and micro voids or cracks’ 
nucleation and growth. The fracture process includes its initiation and propagation. 
According to the ISO 6157 ASTM A788, a crack is defined as “…a discontinuity in a 
solid body which is characterized by processing an initiation (or nucleation) point and by 
growing from this point to a finite size with time either leading or not to the division of 
the initial body in two or more pieces.” Kerson Broberge (Cracks and Fracture) in an 
academic press 1999 defined a crack as “…a material separation by opening or sliding, 
with the separation distance substantially smaller than the separation extent. The 
separation distance is often comparable to certain micro-structural length dimension.” 
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Finally, Bibly and Eshelby (1968) stated that “We can treat a crack as an inclusion at 
whose boundary there is zero surface traction or a narrow zone where the elastic 
constants are zero. The material is assumed to be under load.” [12] 
Fracture mechanics explain why the round embrasure design was stronger than 
was the sharp, as it characterizes a material’s resistance to fracture as “toughness.” Inglis’ 
theory of stress concentration provides a quantitative definition of material toughness. He 
stated that the local stresses around a corner or hole in a stressed plate are many times 
higher than the average stress applied, such that the stress applied concentrates at the 
points of sharp corners, notches, or cracks. He showed that the degree of stress 
magnification at the edge of a hole in a stressed plate depends on the curvature of the 
hole’s radius, in which the smaller the radius of curvature, the greater the stress 
concentration (Figure 66). 
 
Figure 66: Illustration of stress that increases at the tip of a crack or flaw. 
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Inglis’ theory states that the stress increase at a crack or flaw’s tip depends only 
on the crack’s geometrical shape. He defined this as the stress concertation factor and 
said that, for an elliptical hole, the stress does not depend on the hole’s absolute size or 
length, but only on the ratio between the size and the radius of curvature [38] (Figure 67). 
The anomaly in Inglis’ theory is that it is contrary to the fact that it is easier to 
propagate larger cracks than smaller ones. This leads to Griffith, who proposed that the 
reduction in strain energy attributable to a crack’s formation must be equal to, or greater 
than, the surface energy the new crack faces require. Therefore, crack growth has two 
necessary conditions. First, the bonds at the crack tip must be stressed to the point of 
failure, as the stresses at the crack tip are a function of the stress concentration factor, 
which depends on the ratio of its radius of curvature and its length. Second, for every 
increment of crack extension, the amount of strain energy released must be greater than, 
or equal to, that required for the two new crack faces’ surface energy.  
The energy balance criterion also explains why the round embrasure’s fracture 
toughness was significantly greater than that of the sharp embrasure. The energy balance 
criterion indicates whether crack growth is possible, and stresses at the crack tip indicate 
whether fracture will occur. A crack will not extend until the bond at the crack tip is 
loaded to its tensile strength, even if sufficient strain energy is stored to permit crack 
growth. If a crack tip is rounded or blunted, then the crack may not extend because of 
insufficient stress concentration. Fracture only occurs when the stress at the crack tip is 
sufficient to break the bonds. It is customary to assume the presence of an infinitely sharp 
crack tip to approximate the worst-case condition. Yet, in practice, in an “infinitely 
sharp” crack tip, the material’s plastic deformation stress prevents singularities that arise. 
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This explains why Coldpac had a low variance between the embrasure anatomies (Figure 
67). 
 
 
 
Figure 67: The energy balance criterion: Stresses at the crack tip indicate whether 
fracture will occur. Fracture only occurs when the stress at the crack tip is sufficient to 
break the bonds. 
 
 
The materials’ modulus of elasticity—or Young’s modulus, named after British 
physicist Thomas Young—differed significantly.  The modulus of elasticity is the ratio of 
the stress applied to a body to the strain produced. The modulus of elasticity generally is 
believed to be a material constant [42]. In nature, elasticity is the property that enables 
certain materials to return to their original dimensions after an applied stress is removed. 
The blocks used for Telio CAD are fabricated under ideal manufacturing conditions in a 
reproducible and constant manner that eliminates human error and results in a dense, 
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defect-free, high-quality material [43] [44]. It undergoes polymerization with no 
interference from water, which gives the material time for post-polymerization. This 
explains the significant difference both in fracture toughness and flexural modulus in 
TelioCAD’s favor (Figure 68). 
 
 
 
Figure 68: SEM micrograph of Telio CAD showing its homogenous structure and lack 
of porosities. (Original magnification 200x). 
 
 
Further, a significant difference was found between acrylic and composite 
temporary materials’ fracture toughness and flexural modulus, in which acrylics 
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exhibited higher in both measures than did composites. In contrast, a meta-analysis of 24 
studies found no significant difference between the dimethacrylate and 
monomethacrylate group’s fracture toughness, while Bisacryls’ flexural strength was 
significantly higher, as it was estimated to be 18.4 MPa higher than that of PMMA. 
Overall, the results of the meta-analysis favored composites’ mechanical resistance to 
applied stress. The rigid nature of composite temporary material is explained by its basic 
chemical composition of highly viscous and voluminous multifunctional monomers (Bis-
GMA or TEGDMA) cross-linked with other polymeric chains. In contrast, acrylics are 
polymers composed of monofunctional molecules with a linear structure and low 
molecular weight, and their lack of cross-linking leads to lower rigidity and mechanical 
resistance [45]. Acrylic and composite temporary materials’ fracture toughness and their 
ability to stop crack propagation differs. In the composite group, the presence of 
inorganic filler, the conversion of reactive double bonds during polymerization, and 
relaxation phenomena within the polymer network renders the polymer network less 
sensitive to crack propagation. The contrasts in the results may be explained because 
TelioCAD influenced the outcome in acrylics’ favor. Further studies need to be 
conducted under standardized methodology to compare both categories (Figures 69,70). 
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Figure 69: SEM micrograph of Coldpac showing its matrix and porosities. (Original 
magnification 500x). 
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Figure 70: SEM micrograph of Versa Temp showing the filler content with different 
sizes. (Original magnification 1000x). 
 
 
The two embrasure designs had no significant effect on the bridges’ modulus of 
elasticity, but interestingly, the two groups’ treatment affected it significantly differently. 
The fatigued bridges showed a higher modulus of elasticity, indicating that the cyclic 
loading stiffened the bridges further; in addition, this differed from that under monotonic 
or static load. Repetitive loading, which exerts fluctuating stresses and strains, may be 
dental restorations’ most common mechanism of failure. A bridge’s intraoral failure 
(fracture) generally occurs because of a combination of bending and torsional forces, 
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such as those produced by incisal leverage. 
No significant difference in fracture mode was found in this study. All bridges 
fractured in a similar manner, either on the right side or the left, which comes as no 
surprise, because the height of the mesial or distal connecter affects fracture load, and 
both were the same height in this study. What was interesting is that the sharp embrasure 
design showed no fracture in the pontic region, while the rounded design did in 5.47% of 
the sample. This could be explained by the photoelastic bridges, where the stress diffuses 
in the rounded design to include the pontic region, while in the sharp embrasure design, 
the stress is concentrated at the connector area.  
 
 
 
Figure 71: Photoelastic bridges’ location of stress distribution, from left to right: the 
rounded embrasure bridge, the sharp bridge, and a bridge designed with the sharp 
embrasure on the left and the round embrasure on the right. 
 
 
A significant concentration of stresses at the embrasure was observed in the FEA models 
when the load was applied. The sharp embrasure design simulation demonstrated a higher 
stress concentration at the embrasure when compared to the round design, and the stress 
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state indicated that the round embrasure model is stronger than is the sharp. The stress 
analysis was explained in the experimental results of mechanical testing (Figure 73). 
Inherent mechanical properties, fabrication techniques, luting agents, and intraoral 
conditions are the primary factors that determine a restoration’s longevity. Before 
conducting time-consuming and costly clinical studies, preclinical in vitro studies should 
be conducted to evaluate temporary bridge durability [22].  
 
Limitations 
An extreme amount of force was applied to induce bridge fracture in this study. In 
the oral cavity, the average total contact area on the posterior teeth during maximum 
intercuspation has been reported to be 52 mm2 in females and 64 mm2 in males [47]. 
Based on these contact areas, even at an extreme load of 3500 N, simple contact 
pressures would reach only between 55 and 67 MPa. It is unrealistic to consider 
functional forces (i.e., chewing, swallowing, and bruxism) based on this test. Only a 
direct comparison of each material’s toughness can be provided.  
Further, laboratory testing cannot accommodate such intraoral variables as the 
periodontal ligament, the physical properties of cement, the fit, and occlusion. When 
bridges are cemented intraorally, factors other than the material’s inherent mechanical 
strength come into play. Therefore, dental materials’ strength may be less important than 
are other clinical factors, such as case selection, tooth preparation, supporting structure, 
and the dentist and technician’s skill. Ultimately, success remains dependent on the 
dentist’s skill and his/her knowledge of restorative dental materials’ basic behaviors and 
indications [48].  
103 
CHAPTER 5. CONCLUSION   
 
Within the limitations of the study described above, the following conclusions can 
be drawn: 
• The principal two factors that affected the bridges’ fracture load were the 
embrasure design and the material used to fabricate the three-unit bridge. First, 
the rounded and the sharp embrasure designs’ fracture strength differed 
significantly. Except for Coldpac, the rounded embrasure design showed higher 
fracture toughness than did the sharp, and TelioCAD bridges of both designs were 
the strongest. Further, fatigue loading had no significant effect on the bridges’ 
fracture load. 
• The primary factors that affected the bridges’ modulus of elasticity were fatigue 
loading and the material used to fabricate the three-unit bridge. The fatigued 
bridges that underwent cyclic loading showed a higher modulus of elasticity 
compared to the control group, and TelioCAD bridges of both designs were the 
stiffest. No significant correlation was found between the two embrasure designs 
and the modulus of elasticity  
• The sharp embrasure design did not fracture in the pontic region, while the 
rounded design did in 5.47% of the samples. This may be visualized from the 
stress distribution in photoelastic bridges, where the stress diffuses in the rounded 
embrasure design to include the pontic region, while in the sharp design, the stress 
is concentrated at the connector area.  
104 
• Acrylic temporary materials showed higher fracture toughness than composites, in 
which TelioCAD and Coldpac demonstrated the highest fracture toughness, while 
Turbotemp 2 had the lowest 
• Telio CAD had the highest flexural modulus, while Coldpac’s had the lowest  
• Stress analysis, both by means of photoelasticity and FEA simulation, 
demonstrated that the bridge with the sharp embrasure design had a high stress 
concentration at the connector area compared to the round embrasure design 
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